Many approaches are currently being developed to deliver exogenous antigen into the major histocompatibility complex class I-restricted antigen pathway, leading to in vivo priming of CD8 ؉ cytotoxic T cells. One attractive possibility consists of targeting the antigen to phagocytic or macropinocytic antigen-presenting cells. In this study, we demonstrate that strong CD8
Different major histocompatibility complex (MHC)-restricted antigen presentation pathways operate for exogenous and endogenous antigens (17) . Generally, exogenous antigens are internalized by professional antigen-presenting cells (APC) and degraded into acid pH endocytic compartments. The generated peptides are then loaded on MHC class II molecules and presented at the cell surface to CD4 ϩ helper T lymphocytes. By contrast, endogenous antigens are degraded into the cytoplasm by the proteasome, and the resulting processed peptides are carried to the endoplasmic reticulum by a transporter associated with antigen processing followed by association with nascent MHC class I molecules in stable trimeric complexes with ␤ 2 -microglobulin. These complexes are then transported to the cell surface by a conventional secretory pathway and presented to CD8 ϩ cytotoxic T cells. Therefore, in most cases, administration of soluble protein antigens does not generate cytotoxic T-lymphocyte (CTL) responses. However, it is now well demonstrated that some particular exogenous antigens can be processed and presented to CD8 ϩ T cells by APC following alternative class I-restricted antigen presentation pathways (22, 40, 54) .
Thus, a great number of modified exogenous antigens were recently developed to induce MHC class I-restricted CTL activity, such as bacterial toxins (15, 43) , noninfectious virus-like particles (VLP) (18, 27, 32, 45, 49) , proteins associated with the lipidic structure or associated with adjuvants (immunostimulating complex, saponin) (19, 23, 34, 51) , proteins complexed with heat shock proteins (28, 53) , crude cell lysates, denatured aggregates (44) , antigens encapsulated in biodegradable polymer microspheres (10, 36) , and antigens coupled to synthetic beads (20, 24) . Nevertheless the potential application of these approaches to human vaccination remains limited due to the toxicity of some components. A broad range of studies also reported the induction of CTLs with peptides associated with lipidic structures or bacteria or adjuvants. However, peptides did not prime specific CTL responses when injected in association with alum (35) , the only adjuvant allowed for human use. Therefore, additional biocompatible delivery systems for human use are still needed to confer an efficient and safe immunogenicity to peptides.
The capacity of peptides linked to microspheres to induce CD8 ϩ T-cell responses was never explored in vivo, whereas it was previously shown that ovalbumin linked to these carriers is able to activate specific CTLs through an alternative class Irestricted antigen presentation pathway (24, 25) . In the present study, we first investigated the capacity of peptides containing a CD8
ϩ T-cell epitope covalently coupled to 1-m synthetic microspheres to induce CTL responses. Peptides corresponding to three different H-2 d -restricted CD8 ϩ T-cell epitopes bound to microspheres were able to elicit strong specific CTL responses in vivo in the absence of adjuvant but with the requirement for CD4 ϩ T-cell help. We then compared the immunogenicity of the p118-132 peptide from lymphocytic choriomeningitis virus (LCMV) nucleoprotein (2, 55) either bound to synthetic microspheres or delivered by re-combinant porcine parvovirus VLP (PPV:VLP) (49) . We showed that both particulate vectors induced strong CD8 ϩ T-cell responses. However, the PPV:VLP vector, which carries 100-fold less antigen, induced a high frequency of CTLs of high avidity compared with microspheres. Furthermore, only mice immunized with PPV:VLP carrying the LCMV peptide (PPV: VLP-LCMV) were protected from a lethal LCMV challenge. Our results conclusively show that the frequency of CTLs and their avidity for the antigen are important parameters for determining the ability to confer protective immunity.
MATERIALS AND METHODS
Mice and peptides. Female BALB/c mice were purchased from Iffa Credo (L'Arbresle, France). H-2 d -restricted CTL epitopes corresponding to the synthetic peptides RPQASGVYMGNLTAQ carrying the p118-132 sequence from the LCMV nucleoprotein (2, 55) , GYKDGNEYI bearing the p91-99 sequence from the Listeria monocytogenes O listeriolysin (37) , and RIQRGPGRAFVTI GK, bearing the p315-329 sequence from the V3 region of IIIB human immunodeficiency virus type 1 gp120 (51), were purchased from Neosystem (Strasbourg, France). Hen egg lysozyme (HEL) protein was purchased from Sigma (St. Louis, Mo.).
Coupling of peptides or protein to microspheres. Each single peptide antigen or HEL protein was covalently linked to the surface of a 1-m-diameter latex particle (Polysciences, Warrington, Pa.) using glutaraldehyde (Sigma) as previously described in detail (48) . The amount of peptide bound to beads was measured by the difference in absorbance between the solution before and after the linkage.
Preparation of chimeric VLP expressing the LCMV p118-132 peptide. The construction, characterization, and purification of recombinant chimeric or empty PPV:VLP were previously described in detail (49) . Briefly, the PPV VP2 gene was expressed either with the p118-132 peptide sequence (PPV:VLP-LCMV) or without this sequence (PPV:VLP) in a baculovirus vector system. After infection of Sf 9 insect cells, the recombinant VLP were purified by salt precipitation with 20% ammonium sulfate followed by dialysis. Characterization of PPV:VLP and PPV:VLP-LCMV obtained by CsCl sedimentation analysis and electron microscopy revealed properties identical to those of native PPV virions. The molecular weight (MW) of the LCMV peptide represented 3% of the MW of the PPV:VLP-LCMV.
Mouse immunization. For both delivery systems, mice were immunized twice by the intraperitoneal (i.p.) route at a 21-day interval in the absence of adjuvant. Spleens were surgically removed 7 days after the last injection.
In vitro cytotoxicity assay. After immunization of mice with peptide bound to beads or with PPV:VLP-LCMV, spleen cells were in vitro stimulated with 1 M priming peptide in the presence of syngeneic irradiated naive spleen cells during 5 days. The cytotoxic activity of these effector cells was tested on 51 Cr-labeled
) target cells pulsed with a 50 M concentration of the respective peptide or on 51 Cr-labeled LCMVinfected J774 target cells. The released radioactivity in the supernatant was measured. The percentage of specific lysis was calculated as 100 ϫ (experimental release Ϫ spontaneous release)/(maximum release Ϫ spontaneous release). Maximum release was generated by adding 1 N HCl to P815 target cells or 1% Triton X-100 to J774 cells, and spontaneous release was obtained with target cells incubated without effector cells.
LDA. The LCMV-specific effector CTL frequencies present in culture after in vitro stimulation were determined by limiting dilution assays (LDA) as previously described (21) . Briefly, between 20 and 40,000 cells from 5-day in vitro stimulation cultures were assayed for cytotoxicity on 10 4 51 Cr-labeled P815 target cells pulsed with 50 M p118-132 peptide. Each dilution was tested in 24 replicate wells, and supernatants were counted for radioactivity after 5 h of incubation. A well was considered positive if the amount of 51 Cr released exceeded by 3 standard deviations the mean of amounts from control wells containing target cells alone. Effector cell frequencies were calculated as previously described (52) .
The number of LCMV-specific CTL precursor cells present in immunized mice was determined as follows. Microcultures were performed under LDA conditions with 50 to 100,000 splenocytes from immunized mice in 24 replicate wells. Each microculture contained 10 4 syngeneic irradiated naive spleen cells and 1 g of p118-132 peptide/ml. Three days latter, interleukin 2 (IL-2) was added in each microculture at 10 U/ml. On day 10, the microculture in each well was split and assayed for cytotoxicity on 10 4 p118-132 peptide-pulsed and unpulsed 51 Cr-labeled P815 target cells. Frequencies were determined as mentioned above.
In vitro inhibition of CTL activity. Spleen cells (10 7 /ml) stimulated for 5 days, resulting in effector cells, were preincubated with 10 g of anti-CD4 (GK1.5) (8) or anti-CD8 (H35.17.2) (38) monoclonal antibodies (MAb; purified from ascitic fluid preparations)/ml for 1 h at 4°C. Cells were washed and incubated with goat anti-rat immunoglobulins coupled to magnetic microbeads (Dynal, Compiègne, France) for 30 min at 4°C. Subsequently, retained CD4 ϩ or CD8 ϩ cells were removed by three passages on a magnetic field. The depleted populations were controlled by FACScan and contained less than 5% CD4 ϩ or CD8 ϩ cells, respectively. The resulting populations were used as effector cells for the cytotoxicity assay and were added to peptide-pulsed target cells. Phosphate-buffered saline (PBS)-treated stimulated spleen cells were also tested as a control.
In vivo inhibition of CTL induction. Mice were i.p. injected with 300 g of anti-CD4 or anti-CD8 MAb on days Ϫ1, 0, and ϩ1 and once a week throughout the immunization period as described for Fig. 4 . The spleen cells were then removed, and, prior to in vitro stimulation with peptide, the resulting populations were controlled by FACScan and contained less than 1% CD4 ϩ or CD8 ϩ cells, respectively.
Virus protection experiment. LCMV (strain Arm/53b; 10 1.7 PFU) was inoculated intracerebrally (30 l) to perform protection experiments. Death and survival were recorded during 21 days after the viral challenge. Clearance of the virus was checked by an LCMV antigen capture enzyme-linked immunosorbent assay using mouse kidneys as previously described (4) .
Single IFN-␥-producing cell enzyme-linked immunospot (ELISPOT) assay. Ninety-six-well multiscreen filtration plates (Millipore, Molsheim, France) were coated with 4 g of rat anti-mouse gamma interferon (IFN-␥) antibody (clone R4-6A2; Pharmingen, San Diego, Calif.)/ml overnight at room temperature. Plates were then washed and blocked with RPMI 1640 supplemented with 10% fetal calf serum for 1 h. Serial twofold dilutions of spleen cells from immunized mice were added into the wells along with 5 ϫ 10 5 ␥-irradiated (3,000 rad) syngeneic feeder cells and 10 U of recombinant murine IL-2 (Pharmingen)/ml. Cells were incubated for 36 h either with or without p118-132 peptide at 1 g/ml. Assays were arrested by extensive washes followed by incubation with 4 g of biotinylated rat anti-mouse IFN-␥ antibody (clone XMG 1.2; Pharmingen)/ml. Plates were developed by incubation with streptavidin-alkaline phosphatase (Pharmingen) and 5-bromo-4-chloro-3-indolylphosphate-nitroblue tetrazolium (Sigma) as the substrate. The frequency of IFN-␥-producing cells was determined by counting the number of spot-forming cells (SFC) in each well, and the results were expressed as the number of SFC per spleen.
RESULTS

Induction of CTL responses by peptides bound to synthetic microspheres.
To study the capacity of 1-m synthetic microspheres to induce cytotoxic responses to CD8 ϩ epitopes, BALB/c mice were i.p. immunized with three synthetic peptides corresponding to H-2 d -restricted CD8 ϩ T-cell epitopes (p118-132 from LCMV nucleoprotein, p91-99 from Listeria listeriolysin, and p315-329 from human immunodeficiency virus type 1 gp120) covalently bound to microparticles and injected without adjuvant. In these three models, immunization of mice with peptides linked to beads was able to stimulate strong specific cytotoxic activities against the respective peptide (Fig. 1) .
We previously demonstrated that recombinant PPV:VLP carrying the p118-132 LCMV peptide were able to stimulate in vivo strong CD8 ϩ CTL responses (49) . To further investigate the efficiency of synthetic microspheres to provide cytotoxic immunogenicity to peptides, we compared the immunogenicity of the LCMV p118-132 peptide carried by 1-m synthetic microparticles with its immunogenicity when carried by 0.025-m PPV:VLP. Figure 2 shows that strong cytotoxic responses were obtained after i.p. immunization of mice with both LCMVcarrying beads (LCMV beads) (A) and PPV:VLP-LCMV (B) in the absence of adjuvant. The cytotoxic response induced by LCMV beads was specific for the LCMV peptide. Indeed, no cytotoxic response against LCMV peptide-coated target cells was obtained after immunization with lysozyme (HEL)-carrying beads ( Fig. 2A) . It is noteworthy that the cytotoxic activity of spleen cells from mice immunized with 10 g of PPV:VLP-LCMV was comparable to the cytotoxic activity induced by immunization of mice with 10 9 LCMV beads (Fig. 2) . These results indicate that PPV:VLP-LCMV are more immunogenic than LCMV beads, since 10 g of PPV:VLP-LCMV corresponds to 0.3 g of the LCMV peptide whereas the most efficient dose of LCMV beads for inducing CTL activity was 10 9 LCMV beads, a dose which corresponds to 20 g of p118-132 peptide. Nevertheless, 10 8 LCMV beads (2 g of p118-132 peptide) administered to mice were still able to stimulate a CTL response. However, the injection of 10 7 LCMV beads, corresponding to the amount of the LCMV peptide delivered by 10 g of PPV:VLP-LCMV, did not induce a CTL response. It should be mentioned that both delivery systems induce long-lasting cytotoxic responses since LCMV-specific CTL activity generated by LCMV beads persisted at least 5 months after the last injection (data not shown) and at least 9 months after the last injection of PPV:VLP-LCMV (49) .
Characterization of effector cells induced by peptide bound to microparticles. First, to characterize the CTLs induced by peptides covalently linked to synthetic microspheres, the cytotoxic activity of effector cells induced by injection of mice with the H-2 d -restricted LCMV peptides bound to beads against target cells expressing different MHC haplotypes was assessed. Lytic activity was only observed on peptide-pulsed H-2 d P815 target cells, indicating that the 1-m particulate form of peptides induced in vivo MHC class I-restricted cytotoxic cells (Fig. 3) . Second, effector cells were depleted of CD4 ϩ or CD8 ϩ T cells before incubation with target cells. As shown on Fig. 4A , PBS-treated effector cells exhibited an efficient CTL activity against LCMV peptide-coated target cells. In contrast, CD8
ϩ -depleted effector cells were not able to kill peptidepulsed P815 target cells, whereas the lytic activity of effector cells depleted of CD4 ϩ T cells was not modified. We then analyzed the in vivo requirement for CD4 ϩ lymphocytes to elicit a CTL response consequent to LCMV bead immunization. For this purpose, mice were treated with anti-CD4 or anti-CD8 MAb before and after immunization with the LCMV beads. As illustrated on Fig. 4B , in vivo CD8 ϩ T-cell depletion totally inhibited the induction of a CTL response. Moreover, depletion of CD4 ϩ cells led also clearly to abrogation of CTL induction. These data showed that CD4 ϩ T cells 9 LCMV beads. Seven days after the last injection, spleen cells from immune mice were stimulated in vitro as described for Fig. 2 and cytotoxic activity was measured on 51 Cr-labeled p118-132-pulsed target cells from various H-2 haplotypes at a 60:1 effector/target ratio. Lysis obtained with the target cells incubated with medium alone was less than 10% and is not shown. Data represent the means of percent specific lysis from duplicate samples.
are strictly required for CTL activation by LCMV microparticles.
Comparison between the capacities of LCMV peptides delivered by synthetic microspheres and PPV:VLP to protect mice against a lethal LCMV challenge. We then investigated the capacities of CTLs induced by LCMV beads and PPV: VLP-LCMV to lyse virus-infected target cells and to protect mice against a lethal viral challenge. Both delivery systems administered i.p. to mice elicited cytotoxic T cells able to lyse virus-infected J774 target cells ( Table 1 ), demonstrating that the CTLs induced by these immunogens were able to recognize the naturally processed peptide on LCMV-infected cells. Surprisingly, while PPV:VLP-LCMV induced full protection of mice against an LCMV challenge (Table 1) associated with viral clearance (data not shown), all mice immunized with LCMV beads died after the viral challenge, indicating that the LCMV-specific CTL response induced by these immunogens was not protective.
Comparison of the frequencies of LCMV-specific T cells induced by LCMV beads and PPV:VLP-LCMV.
The discrepancy between the capacity of PPV:VLP and beads to induce a protective antiviral immunity could be related to the frequency of effector T cells activated by these two delivery systems. Thus, in order to quantify the specific T-cell responses induced by the PPV:VLP and microsphere delivery systems, we determined the number of IFN-␥-producing cells in response to in vitrospecific LCMV peptide stimulation following in vivo immunization. Spleen cells removed from immunized mice were cultured in vitro for 36 h with or without the p118-132 LCMV peptide, and a single IFN-␥-producing cell ELISPOT assay was performed. As shown in Fig. 5 , the size of the LCMV-specific T-cell population was remarkably higher in mice immunized with PPV:VLP-LCMV than in mice immunized with LCMV beads. One of 3,359 spleen cells from PPV:VLP-LCMV-immunized mice produced IFN-␥ in response to specific peptide stimulation versus 1 of 20,546 cells for mice injected with LCMV beads. The low number of IFN-␥-producing spleen cells observed following immunization with control beads or PPV:VLP (Fig. 5 ) or in the absence of in vitro peptide stimulation of spleen cells (data not shown) indicates the specificity of the response. The frequencies of lytic LCMV-specific CTL precursors induced by PPV:VLP or beads were also determined by LDA (Table 2 ). This frequency was 1 of 80,600 for mice immunized with PPV:VLP-LCMV and was too low to be detectable for mice immunized with LCMV beads. As already observed following LCMV infection, the frequencies obtained by ELISPOT were around 20-fold higher than the precursor frequencies determined by LDA (33) . Together, these results demonstrate that PPV:VLP have a very high capacity to induce a specific T-cell response compared to synthetic microspheres, since they stimulate 6 times more specific T cells than microspheres while carrying 100 times less LCMV peptide.
We then analyzed the CTL avidity for the p118-132 peptide by testing the capacity of effector cells to lyse P815 target cells pulsed with a large range of peptide concentrations (92 to 0.0092 g/ml). As shown in Fig. 6 , immunization with LCMV beads induced CTLs that exhibited a significant lytic activity on P815 target cells coated with a minimal concentration of 0.92 g/ml of the p118-132 peptide. In contrast, CTLs induced in response to PPV:VLP-LCMV were still able to kill P815 target cells incubated with 0.092 g/ml of the peptide. These results were not due to a lower frequency of specific CTLs induced in mice immunized with microspheres, since after 5 days of in vitro stimulation with the p118-132 peptide, the numbers of LCMV-specific effector T cells were almost the same for both groups (1 of 3,076 for spleen cells from mice immunized with LCMV beads versus 1 of 3,196 for spleen cells from mice immunized with PPV:VLP-LCMV (Table 2) . So, the observed differences in the CTL avidity experiment were clearly due to the difference in the avidity of the CTL populations induced following immunization with the two vectors and not to a difference in effector cell numbers. These results therefore confirm the differences in the quality of CTL responses induced by the two delivery systems.
DISCUSSION
In the present study, we demonstrated for the first time that synthetic peptides corresponding to CD8 ϩ CTL epitopes covalently bound to 1-m synthetic microspheres can stimulate in vivo MHC class I-restricted CD8 ϩ CTL responses in the absence of adjuvant. We then compared the induction of specific CTL responses against the CD8 ϩ T-cell p118-132 epitope from the LCMV nucleoprotein carried by these microparticules with that when the epitope was delivered by 0.025-m viral PPV:VLP. While the optimal cytotoxic activities induced by both delivery systems, as tested by a chromium release cytotoxicity assay, seem to be similar, important differences were detected. Indeed, the in vivo induction of equivalent CTL activities required 100 times less LCMV peptide when the peptide was delivered by PPV:VLP than when it was carried by microspheres. Under these conditions, PPV:VLP induced six times more LCMV-specific T cells than the microspheres. These results show clearly that PPV:VLP are highly immunogenic compared to microspheres.
A major difference between PPV:VLP and microspheres as particulate carriers is their sizes, which might be crucial for determining the antigen presentation pathway involved in each antigen delivery system. Indeed, to initiate a CTL response, MHC-bound peptides have to be presented to naive T cells by professional APC expressing high levels of MHC class I molecules and adhesion and costimulator molecules. Due to their size, proteins bound to synthetic microspheres are processed and presented by macrophages after internalization by phagocytosis (20, 24) , and the antigen is transferred from phagosomes into cytosol via a common pathway with endogenous proteins for MHC class I presentation (25) . It has been shown that this mechanism is of primary importance for the initiation of CTL responses to viruses that infect only nonhematopoietic cells (50) . Most likely, peptides bound to microspheres could follow the same pathway. In contrast, PPV:VLP could be captured by phagocytosis but also by a broad range of other nonphagocytic uptake mechanisms such as fluid phase pinocytosis or receptor-mediated endocytosis via Fc receptors, mannose receptors, and/or scavenger receptors (1, 12, 31, 42) . It is noteworthy that receptor-mediated uptake of antigens by APC can result in a 100-fold-more-efficient presentation to T cells (11) . Thus, the high efficiency of class I-restricted presentation by APC observed for PPV:VLP might suggest that the uptake and the processing of these particles followed specific mechanisms compared to the uptake and processing of LCMV beads.
Importantly, we demonstrated that CD4 ϩ T-helper cells are strictly required to promote induction of CTL by LCMV beads in contrast to what we previously demonstrated for PPV:VLP-LCMV (49) . It has been already shown that induction of a CTL response by synthetic peptides injected in incomplete Freund's adjuvant required T-cell help (14, 16) , and the p118-132 LCMV peptide used in this study contains both class I-and class II-restricted epitopes (14) . Furthermore, we have previously shown that proteins or peptides covalently linked to synthetic microspheres are able to induce CD4 ϩ T-cell responses in the absence of adjuvant (47) . All these observations are in agreement with the CD4 ϩ T-cell dependence of CTL induction by LCMV beads, previously described for low doses of protein linked to microspheres (41) .
In contrast, PPV:VLP-LCMV seem to behave like short optimal peptides, which do not require CD4 ϩ T-cell help to generate in vivo CTL responses (9, 13) , although the VLP are also able to activate CD4 ϩ T lymphocytes (29) . The CD4 9 LCMV beads or with 10 g of PPV:VLP-LCMV. Ten days after the last injection, spleen cells from immune mice were stimulated in vitro as described for Fig. 2 . Cytotoxic activity of these effector cells on 51 Cr-labeled P815 target cells pulsed with various concentrations of the p118-132 peptide or incubated with medium alone was measured. Data represent the means of percent specific lysis from duplicate samples obtained at a 100:1 effector/target ratio. b LCMV-specific precursor CTL frequencies were determined 7 days after the last injection by LDA as described in Materials and Methods. Results are expressed as the mean Ϯ standard deviation of the frequencies obtained with the different mice tested.
c LCMV-specific effector CTL frequencies were determined after 5 days of in vitro stimulation by LDA as described in Materials and Methods. Results are expressed as the means Ϯ standard deviations of the frequencies obtained with the different mice tested.
d Und, undetectable.
T-cell independence of the CTL responses induced by the PPV:VLP could be due to the high efficiency of the LCMV epitope processing and presentation from PPV:VLP, leading to a high density of antigen-MHC class I complexes at the surface of the APC. Alternatively, this difference could be due to a direct effect of PPV:VLP on the maturation of APC, such as dendritic cells. Indeed, recent studies have shown that Thelper cells deliver a signal to dendritic cells after the recognition of antigens on the cells. This signal leads to dendritic cell maturation and then to a direct CTL stimulation by these dendritic cells (5, 39, 46) . Nevertheless, the CD4 ϩ help step can be bypassed by modulation of surface molecule CD40 or by viral infection of dendritic cells (39) . As a consequence, the independence of CD4 ϩ T cells for CTL induction may result from direct maturation of dendritic cells following interaction with the antigen as mentioned by Lanzavecchia (26) . Some molecules, such as lipopolysaccharide (7) and double-stranded RNA (6), and influenza virus (6) have the capacity to maturate dendritic cells and to induce the migration of these cells to the T-cell areas. In the same way, PPV:VLP, which are very efficient inducers of CTL responses, may induce the maturation of dendritic cells to a state where they can directly deliver cosignals that stimulate specific CD8 ϩ T cells without CD4 ϩ T-cell help. In contrast to PPV:VLP, for inert delivery systems such as microspheres, CD4
ϩ T-helper-mediated CD40 triggering would be absolutely required to induce CTL responses.
During maturation, dendritic cells upregulate MHC molecules, increasing epitope-MHC class I complex density expressed on APC. This might explain why a 100-fold smaller amount of peptide carried by PPV:VLP-LCMV than by LCMV beads was required to activate a CTL response. Mature dendritic cells upregulate costimulatory molecules and produce cytokines such as IL-12 which are required for efficient CTL activation. It was recently shown that CD8␣ ϩ dendritic cells lead to Th1 differentiation by producing IL-12 while CD8␣ Ϫ dendritic cells induce a Th2 response (30) . Thus, it can be suggested that PPV:VLP activate specifically CD8␣ ϩ dendritic cells since PPV:VLP administered without adjuvant induce a Th1 response (29) , while proteins covalently bound to microspheres are not able to polarize the Th response (47) . Altogether, these observations suggest that the high immunogenicity of PPV:VLP could be a consequence of their capacity to stimulate APC maturation, thus increasing the ability to stimulate T cells via expression of costimulatory molecules and/or cytokine production.
Most importantly, we demonstrated that the CTL response induced by LCMV bead immunization was not efficient in protecting mice against a lethal viral challenge, although these CTLs killed peptide-pulsed or virus-infected target cells. Thus, the in vivo ability of CTLs to clear virus cannot be predicted from their capacity to kill infected cells. This discrepancy could be linked to the high number of specific T cells observed in PPV:VLP-LCMV-immunized mice. Moreover, AlexanderMiller et al. (3) have shown by CTL transfer experiments in SCID mice that the high avidity of CTL generated in vitro is a crucial parameter for the clearance of viral infection. In our model, we demonstrated that the VLP carrying the LCMV peptide are able to generate in vivo specific CTLs exhibiting a high avidity for the antigen compared to LCMV beads. Altogether, these findings showed that the high immunogenicity of PPV:VLP, linked to the frequency and the avidity of CTL responses, is essential to confer antiviral protective immunity. All these observations indicate that these recombinant parvovirus particles could provide an efficient and safe strategy to develop effective vaccination and immunotherapy. Nevertheless, the mechanisms of the activation of APC leading to the efficient presentation of PPV:VLP should be investigated to determine the key events of its high immunogenicity.
